11 C]Cimbi-36 has a better signal-to-background ratio than [ 11 C]Cimbi-36_5, and thus will be more sensitive to changes in 5-HT 2A receptor levels in the brain.
Introduction
Developing tracers for positron emission tomography (PET) imaging is very challenging because of the many criteria that have to be met, particularly for targets located in the brain. 1, 2 As is the case for central nervous system (CNS) drug development in general, many compounds are discarded as radioligands because they fail in in vitro, in vivo preclinical or clinical experiments. One of the most frequent reasons for failure of a radioligand is when an insufficient target to background ratio emerges, i.e. when the non-displaceable binding in the brain exceeds the target binding. Disproportionally high non-displaceable brain binding is often ascribed to high non-specific binding to, e.g. lipids or proteins. Radiolabeled metabolites can also be the cause of non-displaceable binding, but the general notion 1, 3 is that as long as radiometabolites are polar, they do not cross the blood-brain barrier (BBB) and thus one does not need to worry about them binding either specifically or non-specifically to targets within the brain. Radiometabolites considered too polar to enter the brain are rarely identified and here, ''polar enough'' often means that they clearly separate from the more lipophilic parent compound on radio-high performance liquid chromatography (HPLC).
Systemic injection of [ 11 C]Cimbi-36, a newly developed serotonin 2A (5-HT 2A ) receptor agonist PET tracer, leads to two separated radiometabolite fractions identified in both pigs 4 and humans. 5 One fraction, M1, is considered to be highly polar, as it has short retention time on the HPLC column. The other fraction, M2, is considered to be more lipophilic, as it has a longer retention time. These terms, however, merely refer to their lipophilicity relative to each other and to the parent compound. After injection of [ 11 C]Cimbi-36, Ettrup et al. 4 did not find any radiometabolites in pig brain homogenate, at least not to an extent that would interfere with the PET signal from [ 11 C]Cimbi-36 itself. When [ 11 C]Cimbi-36 was evaluated in humans, the total distribution volume (V T ) of the reference region (cerebellum) decreased by 3% when the scan time was truncated to 60 min compared with the full scan time of 120 min, possibly because of radiometabolites accumulating in the brain. 5 Metabolism of radiotracers is often not investigated in detail, but case reports show that when taken as a recreational drug, Cimbi-36 may be associated with severe toxicity 6 and consequently, its metabolism has been thoroughly investigated. Leth-Petersen et al. 7 showed that demethylation of Cimbi-36 takes place in both pig and human liver microsomes. In vivo this is followed by rapid conjugation to glucuronic acid, which is a common phase II metabolic route. The M2 radiometabolite fraction was thus identified as a radiolabeled glucuronide conjugate (predominately at the 5'-position), while the M1 fraction results from cleavage of the [ 11 C]-methyl group in the methoxybenzyl moiety of [ 11 C]Cimbi-36. 0 -O-methyl group. 7 Aside from being polar, the specific identity and characteristics of the M1 fraction are still unknown, while the nature of the glucuronide conjugate (M2 fraction) makes it unlikely to easily cross the BBB, although previous studies were not fully conclusive. 4 
Materials and methods

Study design
Eight female healthy volunteers (mean age AE SD; 23.6 AE 3.1 years) were included in the study. Preliminary plasma radiometabolite data from three of the subjects have previously been described. 7 The study was approved by the ethics committee for the To determine the radiometabolite profiles of the radiotracers with radio-HPLC, and to measure radioactivity in plasma and whole blood, venous blood samples were manually drawn (t ¼ 1, 5, 10, 20, 30, 45, 60, 90, 120 min) from a catheter in the opposite cubital vein. 
Positron emission tomography quantification
Reconstruction of PET images was done as previously described 8 by sorting data into 45 dynamic frames (6 Â 10 s, 6 Â 20 s, 6 Â 60 s, 8 Â 120 s, 19 Â 300 s). For subject 2, median intra-scan motion of the [ 11 C]Cimbi-36_5 scan was more than 3 mm, and all frames were therefore aligned to the first 5 min frame using the AIR software (Automated Image Registration, v. 5.2.5, LONI, UCLA, http://bishopw. loni.ucla.edu/air5/).
Predefined regions of interest (ROIs) were automatically delineated based on the subject's T1-weighted MR image, and used to generate time-activity curves (kBq/mL) as previously described. 5 Neocortex was constructed as a volume-weighted region of the following cortical regions: orbitofrontal cortex, medial inferior gyrus, anterior cingulate cortex, insula, superior temporal gyrus, parietal cortex, medial inferior temporal gyrus, superior frontal gyrus, occipital cortex, sensory-motor cortex, posterior cingulate cortex, dorsolateral prefrontal gyrus, ventrolateral prefrontal gyrus. In addition, thalamus, putamen and caudate nucleus were analyzed. From these, standardized uptake values (SUV; g/mL) were calculated by normalizing to injected dose per bodyweight (kBq/g). Non-displaceable binding potentials (BP ND s) for the abovementioned ROIs were calculated in PMOD version 3.0 (PMOD Technologies Ltd, Zu¨rich, Switzerland), using the simplified reference tissue model (SRTM) 5 with cerebellum (without vermis 9 ) as reference tissue. Regions with a coefficient of variance (COV) above 10% for the BP ND estimate were excluded from the analysis. This was the case for the following regions in all but two scans: entorhinal cortex, hippocampus, amygdala, hypothalamus, as well as a few of the cortical subregions (see Table 1 .)
Radiometabolite analysis
Venous blood samples were analyzed using a columnswitching HPLC system as previously described, 10 but with some modifications. Briefly, plasma samples were obtained from blood samples by centrifugation, mixed 1:1 with pH 7.2 HPLC eluent (see below) and filtered using 0.45 mm syringe filter prior to HPLC analysis (Ultimate 3000 system, Thermo Scientific) with an inline radiodetector (Posi-RAM, LabLogic, UK). Extraction of the lipophilic component of the plasma was achieved using a Shim-pack MAYI-ODS(G) column (30 Â 4.6 mm, 50 mm particles, Shimadzu) with a mobile phase consisting of 20 mM sodium dihydrogen phosphate and 2 mM sodium-1-decane sulphonate (adjusted to pH 7.2 with phosphoric acid) and 2% 2-propanol at a flow rate of 5 mL/min. After a 4-min extraction step, the extraction column was eluted (reverse flow direction) with 30% acetonitrile in 100 mM disodium hydrogen phosphate (pH 2.6), containing 5 mM sodium-1-decane sulphonate, flow rate 5 mL/min, through an analytical column (Onyx Monolithic C-18, 50 Â 4.6 mm, Phenomenex Aps, Denmark). The total analysis time was 8 min per sample and up to 2 mL plasma could be analyzed per injection.
Parent and metabolite fractions were quantified as previously described. 5 Plasma and whole blood radioactivity were measured using a well counter (Cobra 5003; Packard Instruments, Meriden, CT, USA) that was cross-calibrated to the HRRT scanner. Radioactivity counts were decay corrected to time of injection for all samples.
Statistical analysis
All statistical analyzes were performed with GraphPad Prism (version 7.01, GraphPad Software, Inc., CA, USA). All values are given as mean AE SD unless otherwise noted. P values below 0.05 were considered significant.
Results
Kinetic modeling
Analysis of the time-activity curves for the six subjects that completed full PET scans with both radioligands showed that injection of [
11 C]Cimbi-36_5 resulted in higher standardized uptake values (SUVs) than did [
11 C]Cimbi-36: the mean peak SUVs were 4.2 AE 0.4 g/mL versus 3.8 AE 0.9 g/mL for the high-binding region (neocortex) and 3.1 AE 0.3 g/ mL versus 2.9 AE 0.9 g/mL for cerebellum ( Figure  2(a) ). The standard deviations for the time-activity curves were notably higher for [ 11 Because neocortex is a weighted average of multiple cortical regions, we investigated whether this difference was driven by any particular cortical region(s), which was not the case, as seen in Table 1 
Radiometabolism and blood distribution
Both [ 11 C]Cimbi-36 and [ 11 C]Cimbi-36_5 metabolized rapidly (Figure 3(c) and (d) ). As previously shown, [ 11 C]Cimbi-36 generated two radiolabeled metabolites identified in plasma; chromatograms (Figure 3(a) ) showed an unretained polar fraction (M1), and a less polar fraction (M2). The M2 fraction was significantly larger than the M1 fraction from 10 to 90 min after injection (p < 0.0004, Bonferroni-corrected multiple t-tests). In contrast, [ 11 C]Cimbi-36_5 yielded only the M1 fraction (Figure 3(b) ).
In addition to the difference in radiometabolite profiles for the two labeling positions, the radioactivity distribution in the blood also differed. The ratio of radioactivity concentration in plasma relative to whole blood was higher for the [ 11 C]Cimbi-36 scans compared with the [ 11 C]Cimbi-36_5 scans ( Figure 4) . The difference between the means was highly significant from 10 to 90 min after injection (p < 0.0046, Bonferroni-corrected multiple t-tests), when more than half of the radioactivity in plasma could be attributed to the radioactive metabolites, whereas 1-5 min after injection, when most of the radioactivity was still in the form of the parent compound, there was no statistical difference (p > 0.64). At 120 min, the difference also was not significant (p ¼ 0.40). 11 ), and thus this large difference also cannot be explained by mere test-retest variability.
Discussion
We propose that the difference in BP ND is caused by penetration of the BBB by the polar M1 radiometabolite fraction. The M1 fraction results from O-demethylation and is the major radiometabolite component of [ 0 -position is preferentially demethylated followed by rapid glucuronidation. 7 The resulting glucuronide radiometabolite appears to be much more stable in vivo, so that only a small fraction of polar (M1) radiometabolites is formed (Figure 3(c) Figure 5 ), as the Cimbi-36 molecule is metabolized by hydrogen abstraction by cytochrome P450 enzymes. 12, 13 Although formaldehyde is a highly polar molecule, just like carbon dioxide, it is a small molecule and can therefore cross the BBB [14] [15] [16] [17] and other cell membranes. In rats, (R-) [ 11 C]verapamil resulted in formation of [ 11 C]carbon dioxide and other polar radiometabolites, which were subsequently detected in brain tissue. 18 Polar radiometabolites were found in human plasma as well, and proposed to constitute [
11 C]-labeled formaldehyde, formic acid and carbon dioxide. 19 Studies with [ 18 F]-labeled compounds also show formation of polar radiometabolites, proposed to be [ 18 F]-labeled alcohols, aldehydes and carboxylic acids, which also cross the BBB to some degree. 20, 21 In a recently published study, Gustafsson et al. 17 showed that [ 11 C]formaldehyde (and/or its metabolites) and [ 11 C]carbon dioxide/bicarbonate enter the brain following intravenous infusion in rats. In the case of [ 11 C]formaldehyde, the wash-out rate in the brain was slower than in blood, pointing to transformation into other brain-penetrating metabolites and/or retention of formaldehyde itself in the brain. The study also detected [
11 C]carbon dioxide/bicarbonate in the blood following infusion of N-methyl-[
11 C]oxycodone, which undergoes N-demethylation of the radiolabeled methyl group. A similar study could be conducted in pig and human, as the tracer doses used for PET scans would be well below toxic levels.
Our interpretation is further supported by the finding of a significantly lower ratio of radioactivity concentration in plasma relative to whole blood for [ 11 C]formic acid would mainly stay in the plasma phase, as it would be in its protonated form at physiological pH. [ 11 C]carbon dioxide also passively diffuses into erythrocytes, where some of it would be bound to hemoglobin, while another part would be converted into [
11 C]bicarbonate that is then transported back into the plasma phase by the Cl-HCO 3 exchanger in the membrane. Although penetration of erythrocytes by part of the M1 radiometabolites is different from penetration of the BBB, it testifies to a clear difference in physical properties of the radiolabeled entities resulting from the two labeling positions, and is in accordance with our interpretation. Similar results are seen for the a 2c -adrenoreceptor radioligand, [ 11 C]ORM-13070; polar radiometabolites resulting from demethylation penetrate human erythrocytes 22 and the BBB in mice. 23 Once the M1 radiometabolites have crossed the BBB they could either return to the blood, get trapped as, e.g. bicarbonate or bind to cellular proteins (a well known property of formaldehyde). Alternatively, the M1 radiometabolites could be taken up by neurons or glia cells and metabolized/incorporated into new molecules. We also cannot completely rule out that metabolism of the parent tracer takes place within the brain, although we would expect the capacity for metabolism to be considerably lower than in the liver. Also, the significantly longer time to peak SUV for [ 11 C]Cimbi-36_5 points to a prolonged build up in neocortex compared with [
11 C]Cimbi-36, which we attribute to the gradual increase in M1 radiometabolite concentration in plasma and brain throughout the scan.
Looking at equation (1), 24 defining BP ND in terms of distribution volumes (defined as concentration of radioactivity (ideally only the radioligand) in tissue relative to that in plasma at equilibrium), it becomes clear how increased radioactivity uptake due to increase in radiometabolites entering the brain, can result in decreased BP ND (and vice versa): Given the distribution volume of brain penetrant radiometabolites (V M ) only adds to the distribution volume of nondisplaceable binding (V ND ¼ V free þ V non-specific ), and enter the target region and reference tissue equally, we see that the numerator remains constant, while the denominator changes with a change in distribution volume of radiometabolites (ÁV M ) (2) .
Instead of adding (or subtracting) an absolute value of ÁV M , we can express the change in relative terms with a factor,
This we can use to rewrite equation (2)
and then we can calculate the relative change in BP ND (ÁBP ND ) as a function of k M
This equation is visualized in Figure 6 . The study is not without limitations and in particular, we did not collect arterial blood samples but only venous samples. Compared with our previous [ 11 C]Cimbi-36 human study, 5 we find here that the M2 radiometabolite constitutes a larger fraction compared to the M1 fraction, and we speculate that this difference emerges as a consequence of blood passing through the tissue capillaries; the polar, yet penetrable M1 radiometabolites would be extracted to some degree by diffusing both para-and transcellularly, making up a smaller fraction in venous plasma. The M2 radiometabolite (5 0 -O-glucuronide conjugate, Figure 5 (a)) would instead remain in the plasma or be extracted to a much lesser degree, due to its molecular size, thus making up a larger fraction than in arterial plasma.
Although carbon dioxide is continuously expired, formation of [ 11 C]carbon dioxide/bicarbonate cannot be disregarded in PET studies, as some of it will be trapped in the tissue compartments. 15, 17, 25 Accordingly, differences in pH and carbon dioxide/ bicarbonate between arterial and venous blood may also have an impact, although it is difficult to predict the direction and order of magnitude of these effects. Moreover, if [ 11 C]carbon dioxide/bicarbonate is produced and escapes before the radio-HPLC analysis, the parent fraction and M2 fraction will be overestimated. Thus, if anything, the use of venous rather than arterial samples would tend to underestimate the effects of the polar radiometabolites on receptor measurements. Employing the method used by Gustafsson et al. 17 for [ 11 C]carbon dioxide/bicarbonate detection in future [
11 C] Cimbi-36 projects would be a simple way to quantify and confirm our interpretation.
Many [
11 C]-labeled radioligands result in polar radiometabolites, as methylation is a convenient approach for radiosynthesis, but the nature and the impact of these radiometabolites have rarely been investigated. Radiolabeling of a ligand in different positions constitutes a unique possibility for investigating the metabolic fate of the radioligand, and [ 11 C]Cimbi-36 is one of very few radioligands that can be easily radiolabeled in more than one position. It has previously been shown that when [ 11 C]raclopride is radiolabeled in the methyl-position compared to the carbonyl, 26 no difference in BP ND or radiochromatograms is seen. In contrast, [ 11 C]WAY-100635 labeled in the carbonyl position, rather than the methyl, yielded a higher signal-to-background ratio, 27 likely because of the absence of a radiometabolite with high affinity for the target receptor. But even if polar radiometabolites cannot be avoided, or are preferred to radiometabolites with high-affinity for the target, inter-individual differences in metabolic rate or pathways (caused by e.g. genetic variability, pathologic condition or drug intervention), could lead to different levels of polar radiometabolites, which in turn could confound receptor measurements.
Conclusion
Our findings demonstrate that small polar radiometabolites can enter the brain and contribute significantly to non-specific binding. Thus, the assessment as to whether radiometabolites might cross the BBB cannot rely solely on radio-HPLC chromatograms; chemical identity and metabolic rate need to be considered as well. When designing PET studies, factors that could influence radiometabolism, whether they be related to the test subjects or interventions, should be identified and controlled for if possible.
Furthermore, we conclude that [ 11 C]Cimbi-36 continues to be the tracer of choice for future 5-HT 2A receptor agonist studies as it has a lower non-specific binding than [ 11 C]Cimbi-36_5, and thus will be more sensitive to changes in 5-HT 2A receptor levels in the brain.
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